Introduction
Frictional force (resistance to sliding) between the bracket and the archwire during orthodontic tooth movement is one of the primary issues in clinical orthodontics, and if the frictional force can be decreased, the ef ciency of tooth movement can be improved ( Burrow, 2009 ) . Friction during clinical tooth movement depends on the size and shape of the wire ( Bazakidou et al. , 1997 ) , the bracket type ( Redlich et al. , 2003 ; Miles et al. , 2006 ) , the bracket and wire materials ( Saunders and Kusy, 1994 ) , the angulation of the wire relative to the bracket ( Frank and Nikolai, 1980 ) , the type of ligation ( Bazakidou et al. , 1997 ) , the environment (wet or dry ; Thorstenson and Kusy, 2003 ) , and surface coating ( Kusy et al. , 1992 ; Cobb et al. , 1998 ; Wichelhaus et al. , 2005 ) .
In recent years, diamond-like carbon (DLC) coatings have become the subject of considerable research interest because of their potential in biomedical applications, due to their extreme hardness, low friction coef cients, high wear resistance , and chemical inertness ( Aisenberg and Chabot, 1971 ; Sridharan et al. , 2004 ; Kobayashi et al. , 2007 ;  Frictional and mechanical properties of diamond-like carboncoated orthodontic brackets Takeshi Muguruma * , Masahiro Iijima * , William A. Brantley ** , Susumu Nakagaki * , Kazuhiko Endo *** and Itaru Mizoguchi * SUMMARY This study investigated the effects of a diamond-like carbon (DLC) coating on frictional and mechanical properties of orthodontic brackets. DLC fi lms were deposited on stainless steel brackets using the plasma-based ion implantation/deposition (PBIID) method under two different atmospheric conditions. As-received metal brackets served as the control. Two sizes of stainless steel archwires, 0.018 inch diameter and 0.017 × 0.025 inch cross-section dimensions, were used for measuring static and kinetic friction by drawing the archwires through the bracket slots, using a mechanical testing machine ( n = 10). The DLC-coated brackets were observed with a scanning electron microscope (SEM). Values of hardness and elastic modulus were obtained by nanoindentation testing ( n = 10). Friction forces were compared by one-way analysis of variance and the Scheffé test. The hardness and elastic modulus of the brackets were compared using Kruskal -Wallis and Mann -Whitney U -tests. SEM photomicrographs showed DLC layers on the bracket surfaces with thickness of approximately 5 -7 µ m. DLC-coated brackets deposited under condition 2 showed signifi cantly less static frictional force for the stainless steel wire with 0.017 × 0.025 inch cross-section dimensions than as-received brackets and DLC-coated brackets deposited under condition 1, although both DLC-coated brackets showed signifi cantly less kinetic frictional force than as-received brackets. The hardness of the DLC layers was much higher than that of the as-received bracket surfaces. In conclusion, the surfaces of metal brackets can be successfully modifi ed by the PBIID method to create a DLC layer, and the DLC-coating process signifi cantly reduces frictional forces. Bentahar et al. , 2008 ; Fontaine et al. , 2008 ; Muguruma et al. , 2011 ) . The DLC coatings are a class of amorphous carbon thin  lm materials that are composed of a mixture of graphite-type ( sp 2 ) and diamond-type ( sp 3 ) atomic bonds ( Sridharan et al. , 2004 ) . Recently, experimental DLCcoated orthodontic wires have been studied by some research groups ( Kobayashi et al. , 2007 ; Bentahar et al. , 2008 ; Muguruma et al. , 2011 ) . Kobayashi et al. (2007) reported that DLC  lms protect against the diffusion of nickel and its release at the surface of nickel -titanium archwires and that these  lms are non-cytotoxic in a corrosive environment. Recent studies investigated the effect of DLC coatings on the friction of stainless steel, nickel -titanium , and betatitanium wires and found that DLC-coated wires produced less frictional resistance than found for as-received wires ( Bentahar et al. , 2008 ; Muguruma et al. , 2011 ) . From these latter investigations, the application of a DLC  lm to orthodontic brackets may offer the potential of greatly improving frictional properties of the interface between the bracket and archwire. 
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The purpose of this study was to investigate the effect of a DLC coating on the frictional properties of orthodontic brackets. It was hypothesized that a DLC coating does not affect the frictional properties of orthodontic brackets. This is the  rst study that has reported DLC coating of orthodontic brackets for improving the frictional properties.
Materials and methods

Materials
This study used preadjusted stainless steel brackets (Mini Uni-Twin ; 3M Unitek, Monrovia, California , USA) for upper canine teeth and two sizes of stainless steel wires (Stainless steel archwire ; 3M Unitek) having diameter of 0.018 inch and cross-section dimensions of 0.017 × 0.025 inch. As-received stainless steel brackets were used as the control.
DLC-c oating p rocedure
The DLC  lms were deposited on the brackets using the plasma-based ion implantation/deposition ( PBIID ) method. All brackets were  xed with a custom-made jig in the PBIID equipment (PEKURIS-HI ; Kurita Seisakusho, Kyoto, Japan), and deposition was carried out at a target voltage of 10 or 5 kV under a pressure of 1.33 × 10 − 3 Pa and two different atmospheres, condition 1 (acetylene + methane gas ; DLC 1) and condition 2 (toluene + acetylene + methane gas ; DLC 2) for 300 minutes ( Aisenberg and Chabot, 1971 ; Sridharan et al. , 2004 ) . For condition 2, toluene was added for improving  exibility of the DLC layer to protect from detachment.
Friction t est
The static and kinetic frictional forces generated with each wire/bracket combination were measured under dry conditions and room temperature (25°C) using a custom-fabricated friction testing device attached to a universal testing machine (EZ Test ; Shimadzu, Kyoto, Japan ; Muguruma et al. , 2011 ) . Each bracket was bonded with a non- lled adhesive resin (Superbond ; Sun Medical, Shiga, Japan) to a stainless steel plate using a bracket-mounting device , which could give an accurate angulation ( Muguruma et al. , 2011 ) . In this study, an angulation of 10 degrees was selected to position the bracket. The stainless steel plate with the bracket was attached to the friction testing devise, and a 5 cm segment of wire was then ligated to the bracket using 0.010 inch ligature wire (Preformed Ligature Wire ; Ormco, Glendora, California , USA.). The upper end of the wire was  xed with a grip that attached to the load cell, and the lower end of the wire was  xed to a 150 g weight. Each wire was drawn through the bracket at a cross head speed of 10 mm/ min ute for a distance of 5 mm. The static and kinetic frictional forces were determined from load -displacement curves ( Burrow, 2009 ). The sample size for each bracket/ wire combination was 10.
Scanning e lectron m icroscopy
To observe the DLC layer on the cross-sectioned surfaces, DLC-coated brackets were encapsulated in epoxy resin (Epo x ; Struers, Copenhagen, Denmark) and then ground and polished using a series of silicon carbide abrasive papers and a  nal slurry of 0.05 µ m alumina particles. As-received and DLC-coated brackets were cut mesiodistally with a slow-speed water-cooled diamond saw (Isomet ; Buehler, Lake Bluff, Illinois , USA) to observe the external surfaces and inner slot surfaces of the brackets. All specimens were sputter coated with pure gold and the external surfaces of the bracket wings and inner surfaces of the bracket slots were examined by a scanning electron microscope ( SEM ; SSX-550 ; Shimadzu) operating at 15 kV.
Nanoindentation t est
The external surfaces of the bracket wings and inner slots for the as-received and DLC-coated brackets were also investigated with a nanoindentation apparatus (ENT-1100a ; Elionix, Tokyo, Japan). As-received and DLC-coated brackets were  rst cut mesiodistally with the slow-speed watercooled diamond saw (Isomet). Then specimens were  xed to the specimen stage with adhesive resin (Superbond Orthomite ; Sun Medical, Shiga, Japan), and nanoindentation testing was carried out at 28°C using a Berkovich indenter with a peak load of 20 mN. Each test consisted of three parts: 10 seconds for loading to the peak value, a 1 second hold at the peak load, and 10 seconds for unloading. The maximum depth of indentation, hardness , and elastic modulus were calculated by software that was supplied with the nanoindentation apparatus, using equations in ISO Standard 14577-1.
Raman spectroscopic analysis
The bonding states of carbon atoms constituting the DLC  lms were analysed by Laser Raman spectroscopy (NR-1800 ; Nihon Bunkou, Tokyo, Japan). The focus for each analysed point was provided by the X-Y-Z stage of an optical microscope. The specimens were examined with 514.5 nm argon ion laser excitation at the focus of the microscope objective (×40). The output power was 200 mW. Raman spectra were obtained in the 1116 -1771/ cm 1 range with four repetitions and an integration time of 4.0 s econds .
Statistical a nalysis
A statistical analysis was performed using the PASW Statistics (version 18.0J for Windows ; IBM, Armonk, New York , USA). Since the data for the mean static and kinetic frictional force were normally distributed, values were compared using one-way analysis of variance followed by the Scheffé multiple range test ( P < 0 .05). In contrast, the data for the maximum depth of indentation, hardness , and elastic modulus of the as-received and DLC-coated wires 218 T. MUGURUMA ET AL.
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were not homogenous (Levene test), and a Kruskal -Wallis test was applied to determine whether signi cant difference existed among the groups. The Mann -Whitney U -test was then used for two independent groups, and the Bonferroni correction was applied ( P < 0 .0167).
Results
Figure 1 shows representative SEM photomicrographs for cross-sectioned as-received and DLC-coated brackets. The DLC layers had uniform thickness of approximately 5 -7 µ m and were observed on the external surfaces of the bracket wings in both DLC-coated specimens. However, the DLC layers were not uniform at the inner slot for the DLC-coated brackets. Figures 2 and 3 show high-magni cation SEM photomicrographs of the external surfaces and inner slot surfaces for the as-received and DLC-coated specimens.
Many pits were observed on the external surfaces of the as-received specimens, and the morphology of deposited DLC coatings re ected the underlying microstructure. For the inner slot surfaces, many pits were observed along with grain boundaries for the as-received specimens, and the morphologies of the grain boundaries were observed for both DLC-coated specimens. Table 1 shows the static and kinetic frictional forces for the as-received and DLC-coated brackets obtained for an angulation of 10 degrees for the stainless steel wires with a diameter of 0.018 inch and cross-section dimensions of 0.017 × 0.025 inch. Although the static frictional force for the stainless steel wire with a diameter of 0.018 inch was not signi cantly different, the DLC-coated brackets deposited under condition 2 (DLC 2) for the stainless steel wire with 0.017 × 0.025 inch cross-section dimensions showed signi cantly less static frictional force than the 4 of 7 as-received brackets ( P = 0.0001) and DLC-coated brackets deposited under condition 1 (DLC 1 ; P = 0.0001). For the kinetic frictional force, brackets with both DLC coating conditions 1 and 2 had signi cantly ( P = 0.0001) lower values than for the as-received brackets and both wire sizes.
The values of the maximum depth of indentation, hardness , and elastic modulus obtained in the nanoindentation tests on the external surfaces of the bracket wings and inner slot surfaces of the as-received and DLC-coated brackets are shown in Figure 4 . The hardness of the DLC layers for both locations (the external surfaces of the bracket wings and the inner slot surfaces) was signi cantly higher than that of the as-received brackets ( P = 0.0001). On the other hand, the elastic modulus for the DLC layers was less than that of the as-received bracket surfaces ( P = 0.0001). Figure 5 shows Raman spectra from the DLC layers for the external surfaces of the bracket wings (a and b) and the inner slot surfaces (c and d). Peaks for sp 2 (for graphitelike) and sp 3 (for diamond-like) bonding states of carbon were observed in the all spectra. The intensity ratios of sp 3 to sp 2 (diamond/graphite) were higher for the external surfaces (0.98 for DLC 1 and 0.98 for DLC 2) than those for the inner slot surfaces (0.93 for DLC 1 and 0.94 for DLC 2).
Discussion
Recently, surface-coating techniques that produce DLC coatings, which offer excellent properties , such as extreme hardness, low friction coef cients , and high wear resistance, are becoming increasingly important in biomedical applications ( Aisenberg and Chabot, 1971 ; Sridharan et al. , 2004 ; Kobayashi et al. , 2007 ; Bentahar et al. , 2008 ; Fontaine et al. , 2008 ; Muguruma et al. , 2011 ) , and the application of DLC  lms to orthodontic wires has been investigated ( Kobayashi et al. , 2007 ; Bentahar et al. , 2008 ; Muguruma et al. , 2011 ) . These studies reported excellent corrosion resistance ( Kobayashi et al. , 2007 ) and frictional properties ( Bentahar et al. , 2008 ; Muguruma et al. , 2011 ) for the DLC-coated orthodontic wires. These results implied that the application of a DLC  lm to orthodontic brackets also offers the potential of greatly improving frictional properties and corrosion resistance. In the present study, the DLC  lms were deposited using the PBIID methods under two different atmospheres (condition 1, acetylene + methane gas and condition 2, toluene + acetylene + methane gas) for the as-received stainless steel brackets ( Aisenberg and Chabot, 1971 ; Sridharan et al. , 2004 ) . Under both conditions, similar thickness (5 -7 µ m) of the DLC layers was obtained. Uniform thickness of the DLC layers was obtained at the external surfaces, although the DLC layers deposited on the 
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6 of 7 inner surfaces were not uniform. The reason for this may be that the generation of the plasma was incomplete to produce the desired uniformity due to the complex morphology of the brackets. Hardness is often the most noted property of DLC coatings. Most DLC  lms are harder than most metallic materials, and previous studies have shown that DLC coating by the PBIID method gives hardness values ranging from 6 to 20 GPa depending on the deposition conditions ( Sridharan et al. , 2004 ) . In this study, results of the nanoindentation test showed that the hardness of the DLC layers for both locations (the external surface of the bracket wings and the inner slot surfaces) was signi cantly higher than that of the as-received brackets and that the elastic modulus for the DLC layers was signi cantly less than that of the as-received bracket surfaces. However, the hardness of the external surfaces (18.8 GPa for DLC 1 and 17.9 GPa for DLC 2) for both conditions of DLC specimens was much higher than for the inner slot surfaces (6.7 GPa for DLC 1 and 3.5 GPa for DLC 2). In addition, the values of elastic modulus for the external surface regions (152.4 GPa for DLC 1 and 149.5 GPa for DLC 2) for both DLC specimens were much higher than those of the inner slot surface regions (44.8 GPa for DLC 1 and 25.8 GPa for DLC 2). These results might indicate that DLC layers deposited at the external surfaces and inner slot surfaces have different characteristics, although the original values for the external surfaces and inner slot surfaces of the as-received brackets also had differences (hardness, 5.0 MPa for external surfaces and 2.4 MPa for inner slot surfaces; elastic modulus, 22.8 MPa for external surfaces and 15.7 MPa for inner slot surfaces).
The type of DLC can be displayed on a ternary phase diagram ( Fontaine et al. , 2008 ) . This diagram shows the fraction of carbon sites that have sp 3 (diamond-like) bonding, sp 2 (graphite-like) bonding, or bonding with hydrogen. The quantitative analysis of sp 3 and sp 2 in a DLC can be performed by Raman spectroscopic analysis. In the present study, the ratio of sp 3 to sp 2 carbon bonding for the external surfaces showed higher values than those for the inner slot surfaces, suggesting that the external surfaces of the DLC layer had a more diamond-rich structure than that for the inner slot surfaces. This fact is probably one of the reasons why the hardness of the external surface was much higher than that for the inner slot surface.
The frictional force between the bracket and the wire is largely in uenced by the characteristics of the inner slot surface of the bracket rather than those of the external surface. The results of this study clearly demonstrated that the DLC-coating process reduces frictional force. The surface of the DLC-coated brackets acted to reduce the friction force between the bracket slot and the wire. Comparing the different atmospheres used for PBIID method, condition 2 produced signi cantly lower hardness and elastic modulus for the inner slot surface than was achieved with condition 1. However, similar values of the sp 3 and sp 2 ratio for DLC 1 and DLC 2 were obtained by Raman spectroscopic analysis. Further investigations to evaluate hydrogen content in the DLC structures using advanced techniques, such as Rutherford backscattering spectroscopy and resonant nuclear reaction analysis, are needed to characterize the DLC structures in greater detail. The different characteristics of the DLC layers are considered to account for the result that the DLC-coated brackets deposited under condition 2 had signi cantly less static frictional force than the DLC-coated brackets deposited under condition 1.
Clinically, static friction is more important than kinetic friction because continuous motion along an archwire rarely occurs in orthodontic tooth movement ( Burrow, 2009 ) . As previously noted, both DLC-coated brackets showed signi cantly less kinetic frictional force than as-received brackets for both sizes of stainless steel wires (0.018 inch diameter and 0.017 × 0.025 inch cross-section dimensions). However, the DLC-coated brackets showed similar static frictional force for the as-received wires except the static frictional force for the DLC 2 condition and the stainless steel wires with cross-section dimensions of 0.017 × 0.025 inch. This result might suggest that DLC layers deposited under the toluene + acetylene + methane gas atmosphere had better quality, thereby improving the frictional properties.
The present deposited DLC layers on the external surfaces had thickness of approximately 5 -7 µ m. The DLC-coated brackets had light brown colo u r, which may be a disadvantage for clinical use since esthetics is considered to be highly important by patients. The coating colo u r depends on the thickness of the DLC layer. It is necessary to develop thinner DLC coatings for orthodontic materials in future research.
In this study, all friction measurements were performed in the dry condition at room temperature. The effects of different environmental conditions, such as wet (saliva) in vitro testing at mouth temperature and the role of bio lm adhesion, on the frictional properties of DLC orthodontic brackets with archwires require further investigation.
Conclusions
Under the conditions in this study, the following conclusions can be drawn:
1. The surfaces of stainless steel orthodontic brackets can be successfully modi ed by the PBIID method to create a DLC layer. 2. The DLC-coating process (condition 2) reduces the static frictional force between bracket and stainless steel wire with 0.017 × 0.025 inch cross-section dimensions. 3. The DLC-coating process reduces the kinetic frictional force between bracket and archwires. 4. The DLC layers have higher hardness than the as-received brackets.
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PROPERTIES OF DLC-COATED ORTHODONTIC BRACKETS 5. The DLC layers deposited under a toluene + acetylene + methane gas atmosphere, which have lower elastic modulus, might have better quality for improving frictional properties .
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